8-Oxo-2Ј-deoxyguanosine (8-oxo-dG) is emerging as a useful marker for oxidative DNA damage. Reported basal levels determined by 32 P-postlabeling (PPL) method were 10-fold or more higher than those obtained with HPLC/ electrochemical detection (ECD). This discrepancy was investigated. In commercial calf thymus DNA, levels of 4 Ϯ 1 and 64 Ϯ 14 8-oxo-dG per 10 6 2Ј-deoxynucleosides (dN) were measured by the standard HPLC/ECD and PPL methods, respectively. DNA digestion by micrococcal nuclease/spleen phosphodiesterase and nuclease P1 (as used in the standard PPL method), followed by ECD analysis resulted in a level of 8 Ϯ 3. In calf thymus DNA spiked with chemically synthesized 8-oxo-dGp to give an increment of 9 8-oxo-dG/10 6 dN, the added standard produced a significant increase with HPLC/ECD but not PPL. After spiking the DNA with 90 8-oxo-dG/10 6 dN, the added 8-oxo-dGp was detectable also with PPL, with a labeling efficiency of 65%. In order to investigate the role of ionizing radiation from 32 P for the higher 8-oxo-dG levels in PPL, incubation times and amounts of radioactivity in the phosphorylation reaction with commercial dGp were increased, and external irradiation of commercial dG with 32 P was investigated. All modifications resulted in higher values of 8-oxo-dG measured, but the effect was not large enough to fully explain the discrepancy between PPL and HPLC/ECD. Using [γ-33 P]ATP instead of [γ-32 P]ATP or adding [ 33 P]phosphate to a 32 P-PPL assay resulted in even higher levels of 8-oxo-dG measured. The increase in 8-oxodG levels during the PPL workup is attributed to the presence and oxidation of unmodified dGp in the reaction mixture. For a determination of true basal levels, the PPL method will have to be modified, including the removal of dGp prior to the phosphorylation reaction.
Introduction
Oxidative stress plays an important role in ageing and in the pathogenesis of various diseases, including cancer. It results in oxidative damage to macromolecules, predominantly by the hydroxyl radical (•OH), mainly formed as secondary product from O 2 •-, HO 2 •, H 2 O 2 and ROOH. For DNA, hydroxylations as well as secondary types of damage (single-and doublestrand breaks, abasic sites, cross-links) have been reported (1) .
Among DNA hydroxylations, one of the most commonly formed is 8-oxo-2Ј-deoxyguanosine (8-oxo-dG*) (2) . This adduct is of special interest because it is mutagenic in bacterial systems (3) , it can cause G→T transversions (4) and its concentration in mouse epidermal DNA was found to be correlated to the shortening of the individual latency period of skin tumors induced by 7,12-dimethylbenz[a]anthracene (5) . It is therefore suggested as a marker for human biomonitoring of carcinogenesis (6, 7) , and much effort has been put into the determination of 8-oxo-dG levels in DNA.
The most important methods for the detection and quantification of 8-oxo-dG are high performance liquid chromatography with electrochemical detection (HPLC/ECD) (8, 9) , and gas chromatography-mass spectrometry (GC/MS) (10, 11) . Besides, antibody-based immuno assays (12) , liquid chromatography-mass spectrometry (LC/MS) (13), fluorescence postlabeling (14) and 3 H-postlabeling (15) have also been described. With 32 P-postlabeling (PPL), initial efforts (16-19) were not followed up. A recently described modification (20) appeared to show a way to make full use of the high sensitivity of the postlabeling method so that it could be used for the analysis of small human samples. Respective 8-oxo-dG levels (20) (21) (22) were comparable to those determined by GC/MS (23) (24) (25) (26) , but higher by more than a factor of ten when compared with the levels reported after HPLC/ECD (Table I) (7, 9, (27) (28) (29) . The question was whether HPLC/ECD does not detect all 8-oxodG present in DNA or whether PPL and GC/MS produce artefactually high values. GC/MS has been shown to overestimate 8-oxo-dG levels due to a time-dependent oxidation during the derivatization reaction. After removal of 2Ј-deoxyguanosine (dG) prior to derivatization, the background levels were comparable to HPLC/ECD (30) . PPL might overestimate the 8-oxo-dG levels due to processes associated specifically with the postlabeling method, e.g., radiolytic or metal-catalyzed in vitro formation of hydroxyl radicals, resulting in artefactual formation of 8-oxo-dG from dG. On the other hand, the HPLC/ ECD method may underestimate the adduct levels due to an incomplete enzymatic digestion of the DNA with the standard procedure. Experiments to investigate this discrepancy are described in this report.
Materials and methods

Chemicals
Alkaline phosphatase (AlkPase) and spleen phosphodiesterase (SPDE) were from Boehringer (Mannheim, Germany), nuclease P1 (NP1), micrococcal nuclease (MN), calf thymus DNA, dG and 2Ј-deoxyguanosine-3Јmonophos- The reaction mixture was separated by HPLC with a Nucleosil C18 10 µm, 8ϫ250 mm column. The solvent was 25 mM ammonium formate pH 4.7, the flow 3 ml/min. 8-Oxo-dGp was identified by UV absorption (maxima at 247 nm and 294 nm). The fractions containing 8-oxo-2Јdeoxyguanosine-3Ј-monophosphate (8-oxo-dGp) were combined and lyophilized to remove the ammonium formate. The concentration was quantified by UV absorption, based on the extinction coefficients of the maxima derived for 8-oxo-dG: E 245 ϭ 12 300; E 293 ϭ 10 300 (31). 1 H NMR (Bruker 600 MHz, D 2 O) δ ϭ 2.35 (ddd J 2Јα,2Јβ ϭ 14 Hz, J 2Јα,1Ј ϭ 7 Hz, J 2Јα,3Ј ϭ 3 Hz, 1H, 2Јα-H), 2.92 (ddd J 2Јβ,2Јα ϭ 14 Hz, J 2Јβ,1Ј ϭ 7 Hz, J 2Јβ,3Ј ϭ 7 Hz, 1H, 2Јβ-H), 3,75 (dd J 5Јα,5Јβ ϭ 12 Hz, J 5Јα,4Ј ϭ 4 Hz, 1H, 5Јα-H), 3.79 (dd J 5Јβ,5Јα ϭ 12 Hz, J 5Јβ,4Ј ϭ 3 Hz, 1H, 5Јβ-H), 4.10 (dd J 4Ј,5Јα ϭ 4 Hz, J 4Ј,5Јβ ϭ 3 Hz, 1H, 4Ј-H), 4.81 (m, 1H, 3Ј-H), 6.15 (dd J 1Ј,2Јα ϭ 7 Hz, J 1Ј,2Јβ ϭ 7 Hz, 1H, 1Ј-H). 13 
8-Oxo-dG analysis
Standard 32 P-postlabeling was performed according to Devanaboyina and Gupta (20) , standard analysis by HPLC/ECD according to Fischer and Lutz (5) . In the 'mixed' procedure (see also Figure 1 ), DNA was digested with MN/SPDE and NP1 and the nucleosides were analysed by HPLC/ECD: 100 µl of calf thymus DNA solution (80 µg) was incubated with 27 µl MN/SPDE solution (1 µg/µl each), 17 µl 10ϫdigestion buffer (100 mM sodium succinate, 
Results
Characterization of 8-oxo-2Ј-deoxyguanosine-3Ј-monophosphate
The structure of 8-oxo-dGp was verified by UV spectra, electrospray-MS, 1 H-NMR, two-dimensional 1 H-NMR and 13 C-NMR. The disappearance of the 8-H and 8-C signals of dGp at 7.9 ppm ( 1 H-NMR ) and 142 ppm ( 13 C-NMR) indicated not only the formation of the 8-oxo-dGp but also its purity, as described for 8-oxo-2Ј-deoxyguanosine-5Ј-monophosphate (8-oxo-pdG) (32) . Partial 1 H-NMR information on 8-oxo-dGp (1'-H at 6.20 ppm) had already been given before (17) .
Incubation of 8-oxo-dGp with NP1 to hydrolyze the 3Ј-monophosphate resulted in the quantitative formation of a compound which co-eluted with 8-oxo-dG, indicating complete dephosphorylation (data not shown). This is a prerequisite for the successful use of NP1 in both the HPLC/ECD and PPL standard methods. 
Postlabeling of 8-oxo-dGp standard and calf thymus DNA
PPL of the 8-oxo-dGp standard by the method described by Devanaboyina and Gupta (20) resulted in a single spot additional to the H 2 O control (Figure 2A vs C) . The labeling efficiency (LE) was 65%. For dGp, the LE was 80%. In calf thymus DNA, a chromatographically identical spot was faintly seen ( Figure 2B ). For H 2 O 2 -modified DNA, the assay produced reproducible results for replicate determinations with a coefficient of variation of 13% (1531 Ϯ 205 8-oxo-dG/10 6 dN; n ϭ 12).
Analysis of 8-oxo-dG by HPLC/ECD vs PPL
Calf thymus DNA was digested according to either the standard PPL method or the standard HPLC/ECD method (see Figure 1 , left and right, respectively). In addition, the 'mixed' procedure shown in the center of Figure 1 , consisted of DNA digestion as normally used for PPL followed by HPLC/ECD analysis. In this case, the NP1 step was based on the same enzyme-tosubstrate ratio as for the standard ECD method.
The results are shown in Figure 3 . Analysis by PPL and HPLC/ECD resulted in 64 Ϯ 14 and 4 Ϯ 1 8-oxo-dG/10 6 dN, respectively, i.e., PPL showed a 16-fold higher level than HPLC/ECD. The 'mixed' procedure (DNA digestion as for PPL followed by NP1 and analysis by HPLC/ECD) resulted in a marginally higher value of 8 Ϯ 3 8-oxo-dG/10 6 dN. This indicated that the main discrepancy was not due to the DNA digestion but was associated with the postlabeling analysis.
Addition of 8-oxo-dGp standard to the DNA to produce an increment of 9 8-oxo-dG/10 6 dN resulted in a significant increase when analysed with the standard HPLC/ECD procedure and with the 'mixed' procedure, but not with PPL ( Figure  3 ). Spiking the DNA with a 10-fold higher amount of 8-oxodG/10 6 dN resulted in the detection of significantly increased 8-oxo-dG levels with all three procedures with calculated recoveries of 111, 121, and 118% for standard PPL, standard HPLC/ECD, and for the 'mixed' procedure, respectively ( Figure 3) . As a conclusion, all methods showed quantitatively correct increases of 8-oxo-dGp added, but 8-oxo-dG levels determined in the absence of added standard were higher with PPL, and small increments were not measurable because of the variability associated with the higher values. Investigations on the source of the artefactual formation of 8-oxo-dGp by PPL One reason for the higher 8-oxo-dG levels seen with PPL could be radiolysis of water to •OH radicals by 32 P-radiation, resulting in the oxidation of dGp to 8-oxo-dGp in the labeling mix. A number of reaction conditions in the PPL method were varied to investigate this assumption, using commercial dGp as substrate. First, an extension of the time of incubation with [γ-32 P]ATP from 1.5 h to 17 h produced an increase by (only) 55% (data not shown). Second, 3-fold variation of the amount of 32 P-radioactivity from 50 to 150 µCi, with the chemical concentration of ATP unaffected, resulted in an increase by (only) 44% (Figure 4) . Third, external irradiation of commercial dG with [γ-32 P]ATP for 20 h, followed by analysis of 8-oxodG with HPLC/ECD resulted in an increase from 17 to 152 8-oxo-dG/10 6 dG (data not shown). These experiments indicated that radioactivity did have an increasing effect on 8-oxo-dG levels, but that this effect could not fully explain the discrepancy between the 8-oxo-dG levels obtained with PPL and HPLC/ECD. Postlabeling with [γ-33 P]ATP When [γ-33 P]ATP was used for the standard PPL of commercial dGp, the measured 8-oxo-dGp levels were three times higher than with [γ-32 P]ATP. Addition of 35 µCi 33 P-phosphate to a standard PPL assay performed with [γ-32 P]ATP resulted in a 4-fold higher 8-oxo-dGp level. Therefore, the use of the Pradioisotope with the lower beta energy (E max, 33P ϭ 0. 25 MeV, E max, 32P ϭ 1.7 MeV) made the situation even worse. 
Discussion
The difference between HPLC/ECD and PPL in the determination of 8-oxo-dG levels in DNA was clearly confirmed in terms of higher values obtained with PPL. The results also showed that the artefactual formation of 8-oxo-dG during the postlabeling procedure was much more important than a minor underestimation by HPLC/ECD, the latter possibly attributable to the different DNA digestion procedures.
The measured levels of 8-oxo-dG were clearly dependent on the amount of 32 P-radioactivity used and on the period of incubation. However, linear extrapolation of the correlations to zero resulted in 8-oxo-dG levels that were still higher than those determined by HPLC/ECD (see Figure 4 : 134 8-oxodGp per 10 6 dGp at 'zero' 32 P-radioactivity). Therefore, the mechanism of artefactual 8-oxo-dG formation during PPL could not be completely attributed to radiation.
Replacement of [γ-32 P]ATP by [γ-33 P]ATP resulted in even higher 8-oxo-dG levels. These findings were unexpected initially and are tentatively explained by a higher linear energy transfer at lower β-energy, resulting in a larger fraction of the energy deposited within the volume of the reaction mixture and a higher level of •OH radical generation. The substitution of 32 P by 33 P therefore does not represent a solution to the problem of the high PPL 8-oxo-dG levels.
In conclusion, PPL of 8-oxo-dGp as described recently by Devanaboyina and Gupta (20) is suited only for the analysis of highly oxidized DNA such as in vitro samples (21) . For human biomonitoring studies, a modification of the PPL method will have to be established. Chromatographic systems as described previously (19) are being improved in order to separate 8-oxo-dGp from the normal nucleotides before the postlabeling reaction. This is expected to reduce the artefactual formation of 8-oxo-dGp from dGp and may further improve the detection limit.
